Introduction
Many efforts have been focused on developing a cell chip to improve the simplicity and rapidity of the cell-based assays. Such a device has been expected not only for medical applications but also for applications for environmental studies. 1 Such chips, especially, have a great advantage in environmental microbiology for a measurement system of physiological properties of microorganisms, because huge kinds of microorganisms in natural environment have to be handled and the investigations of cellular properties have been performed based on long-term cultivation of the isolated species with conventional methods. 2 Therefore, simple and rapid measurement systems for cellular activities were strongly desired to improve the throughput for systematic investigation.
We have applied scanning electrochemical microscopy (SECM) using a needle type of microelectrode as a sensing probe to investigate the single cellular activities. [3] [4] [5] [6] [7] For example, the photosynthetic and respiratory activities of single cells and the effects of the chemical compounds to those activities were investigated to use as cell-based assay systems. [8] [9] [10] [11] [12] [13] [14] However, the complex apparatus of SECM setup is not suitable for practical application in environmental studies.
Miniaturized chip-based fluidic systems have provided the novel sensors with superior simplicity, rapidity and throughput. 15 It is extremely important to develop the methods for manipulation and separation of the target cells in the cell population to the analytical sensing sites (e.g. microelectrodes) in a miniaturized device. We have studied rapid cell manipulation to produce the cell-based array chip by a dielectrophoresis (DEP) 16 and electrophoresis. [17] [18] [19] In the microfluidic system, the cells were guided to the analytical chambers with a pair of the microelectrodes from the main channel to perform single-cell-based function analysis. 17, 18 In this work, we applied the microfluidic system to measure the photosynthetic function of a single cyanobacterial cell (Microcystis viridis), which has caused water environmental problems such as contamination of cyanotoxin microcystin in lakes or reservoirs in the world.
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Experimental
The microfluidic devices that consisted of four sets of analytical chambers with two microelectrodes were fabricated as described in a previous publication. 17 Figures 1A and 1B show the photographs of a whole device with an array of four analytical chambers and a chamber with a set of microelectrodes, respectively. The size of the whole device is 25 × 35 mm 2 . A large band electrode (50 μm in width) and Pt microelectrode array were fabricated on a glass plate by conventional photolithographic techniques and a lift-off process. Main channel and analytical chambers were then fabricated on the patterned microelectrodes by negative photoresist (SU-8, MicroChem Corp., Newon, MA).
In this work, we prepared two different types of analytical chamber: (i) with cell holder under the side channel (Type I chamber shown in Figs. 2A and 2B ) and (ii) with the side channel (Type II chamber shown in Figs. 2C and 2D ). Two microelectrodes, E1 and E2, are located in analytical chambers to the side of the main channel. For Type I chamber, electrode patterns were insulated with negative photoresist (SU-8 3005, 5 μm height) to define electrochemically active areas exposed to the solution (35 × 30 μm), as a result, the extracted areas can be used as a cell holder. Microelectrodes with cell holders were 2012 © The Japan Society for Analytical Chemistry † To whom correspondence should be addressed. E-mail: koide.masahiro@nies.go.jp; itayama@nagasaki-u.ac.jp T. I. present address: Graduate School of Engineering, Nagasaki University, 1-14 Bunnkyo, Nagasaki 852-8521, Japan. A microfluidic device with analytical chambers for electrochemical measurements has been employed to detect photosynthetic activity at single cell level. The flowing cells (Microcystis viridis) in a main channel are individually guided to the chamber with microelectrodes by an electrophoretic manipulation. The reduction current of oxygen was continuously monitored to determine the photosynthetic activity upon light irradiation. The average rates for oxygen generation were estimated and found to be 10 -18 mol/s level. Notes covered with SU-8 sheets (25 μm height, MicroChem Corp.) with the design of main and side channels. Finally, the substrates were again covered with an SU-8 sheet (50 μm height). Both reservoirs for the inlet and outlet were prepared by acryl pieces at both ends of the main channel (Fig. 1A) . For Type II chamber (150 μm length, 10 μm width and 20 μm height), two SU-8 sheets (15 μm height) with and without channel designs were successively attached on the microelectrodes with cell holders with identical design for the side channels. The band electrode in the main channel (length 20 mm, width 150 μm, and height 25 μm in Type I or 20 μm in Type II) was used as a ground to guide the cell into the analytical chamber by the electrophoretic force. E1 in the chamber was used as a working electrode to electrophoretically manipulate the cells The band electrode located in the main channel was used as a ground to guide the cell into the chamber by the electrophoretic force. Two microelectrodes, E1 and E2, which are located in the end and middle of side channel in the chamber, were used as working electrodes to manipulate the cells electrophoretically and to characterize their photosynthetic activities electrochemically, and as an auxiliary electrode was used for the electrochemical measurements, respectively. and electrochemically characterize their photosynthetic activities. E2 was used as an auxiliary electrode for the electrochemical measurements. The depth of the chamber (20 μm) was confirmed by the nano search microscope (Shimazu, Kyoto, Japan).
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The areas for E1 and E2 microelectrodes were 15 × 10 and 10 × 30 μm 2 in the Type I chamber, and 10 × 10 and 10 × 10 μm 2 in the Type II, respectively. The gap distance between E1 and E2 was set at 10 μm. The four analytical chambers prepared were separated from adjacent chambers by 2.0 mm.
Microfluidic devices were treated with oxygen plasma at 100 W for 30 s (Plasma Asher, Yanaco) to obtain a hydrophilic device surface. Microcystis viridis (NIES 102) was cultured in an M11 medium under room light at room temperature. 22 A suspension of cells dispersed in 2.7 mM sucrose solution was injected into the channel and the flow rate was regulated at around 36 μm/s by the gravity balance controlled by the solution volumes in the inlet and outlet reservoirs. DC voltage (+2.0 V) was applied to E1 against the ground band electrode in the main channel using a function generator in order to introduce the cell into the chamber. The electrophoretic behavior of the cells was observed using an optical microscope (IX71, Olympus Co., Japan) equipped with a digital CCD camera (C5985, Hamamatsu Photonics K.K., Shizuoka, Japan).
For the electrochemical measurements, a miniaturized reference electrode, which was prepared by inserting Ag/AgCl wire (1.0 mm diameter) into a glass tube (2.0 mm diameter) filled with saturated KCl solution and salt bridge (agar gel with KCl), was inserted into the outlet reservoir to control the potential of E1 microelectrode with an electrochemical analyzer (HA-1510, Hokuto Denko Co.).
For amperometric measurements to detect oxygen generated from trapped cells by the photosynthesis, the potential was set at -0.5 V to reduce the oxygen. The reduction currents of oxygen were continuously monitored using light irradiation through a light emitting diode (LED) white light of 3000 lux.
All electrochemical measurements were performed at 25 C in a shielded box to maintain the dark condition and to remove external electrical noises.
Results and Discussion
Flowing cells in the main channel were guided into the analytical chambers by electrophoretic manipulation. Figure 2 shows side views of the chambers of Type I ( Fig. 2A) and Type II (Fig. 2C ) and optical microscopic images accumulated into the chambers of Type I (Fig. 2B ) and Type II (Fig. 2D) , respectively. We applied a DC voltage (+2.0 V) to microelectrode E1 against the band electrode in the main channel to capture negatively charged M. viridis cells into the chamber by electrophoresis. Cells near the entrance of analytical chamber were immediately introduced and passed through the side channel to arrive at the end of the chamber. The average velocities of cells to Type I and Type II chambers were found to be 40 and 47 μm/s under these conditions. The cells remained in the chamber even after switching off the DC voltage, although the solution continued to flow in the main channel. The accumulated cells were easily released from Type II chambers to the main channel by applying the opposite electric polarity to the microelectrode E1, while it is difficult to release all cells from the cell holder in a Type I chamber. This is due to the bottle neck shape of the Type I chamber on releasing the cells. The average velocities were also estimated for Type II chambers and found to be 53 μm/s.
We detected oxygen generated from the trapped cells by the photosynthesis using light irradiation. Figure 3 shows the variation of the oxygen reduction current obtained by using the chambers trapped with M. viridis cells. When we irradiated LED light to Type I chamber with 23 cells, the reduction current immediately increased and reached a steady-state value after showing a peak (Fig. 3A) . The reduction current returned to the original level when the light was turned off. Such a distinctive response indicates the increase of the oxygen concentration in the chamber due to the photosynthetic generation of oxygen and was estimated in detail in our works previously reported: an immediate peak after the irradiation by light reaction and a steady-state response observed after the peak by dark reaction. A similar response was also observed after irradiating the light again. In addition, no significant response was obtained in the absence of cells in the chamber during light irradiation. The difference of the reduction current is directly correlated with the concentration of oxygen in the chamber. If we assume that all the oxygen molecules generated by cells are reduced at the microelectrode in the chamber with four electron reduction, the average rate of oxygen generation per single cell is easily calculated by dividing by the Faraday constant and number of electrons required for an oxygen reduction, and is estimated to be 2.6 × 10 -18 mol/s at the region for steady-state currents. We also investigated the current response in Type II chamber trapped a single cell (Fig. 3B) . The immediate increase and decrease of reduction response were synchronized with the turning on and off of the light (Fig. 3Ba) . Again, almost no responses were obtained in the absence of a cell (Fig. 3Bb) . Although the steady-state current dose not obtained irradiation during 40 s, the average rates for oxygen generation could also be estimated and were found to be at least (2.1 ± 0.8)× 10 -18 mol/s from the single cell (n = 4). The good agreement obtained from the Type I chamber with 23 cells and the Type II chamber with single cell testifies to the validity of the demonstrations for the characterization of the photosynthetic activities of cells with the present devices. The different current responses obtained from Type I and Type II chambers may be due to the difference of the diffusion distance from the cell to electrode surface. Cells introduced into the Type II chamber were accumulated before the electrode edge where the strong electric field was formed for cell manipulation. Thus, the average rate obtained from single cells could be estimated as slight low compared to those obtained from cells trapped in Type I chamber. However, the estimated value is one order lower than that obtained from a single M. viridis cell by using the electrochemical devices including microwells covered with a urethane plate in our work reported previously. 19 In the previous work, the oxygen in the microwells was consumed by the electrochemical reduction before the accumulation of oxygen generated by the photosynthesis in the microwells to eliminate the background signal. The slight penetration of oxygen from the gap between the surface of the device and the urethane plate may be responsible for the high estimation of the average rate. Therefore, the present fluidic device with the semi-closed analytical chambers is useful to detect a single cellular activity for photosynthesis based on the electrochemical oxygen reduction and to improve the throughput for measurements by the cell trapping and releasing caused by the electrophoretic force.
In conclusion, the microfluidic device with side channels where the microelectrodes to be used as analytical chambers are embedded is suitable for the manipulation of single cells and for the analysis of cellular activities of photosynthesis. Two types of chamber were prepared: (i) with cell holder under the side channel (Type I) and (ii) with the side channel (Type II) to adapt for the analysis of several cells and single cells, respectively. Flowing cells in the main channel can be guided into the analytical chambers by electrophoretic manipulation. The photosynthetic activities trapped in the chambers were electrochemically investigated based on the variation of reduction currents of oxygen generated under the light irradiation. The good agreement obtained from the Type I chamber with 23 cells and the Type II chamber with single cells testifies to the validity of the demonstrations for the characterization of the photosynthetic activities of cells with the present devices.
